BACKGROUND: At present, guidelines are lacking on platelet transfusion in patients with a traumatic intracranial bleed and history of antiplatelet therapy. The aspirin and P2Y 12 response unit (ARU and PRU, respectively) assays detect the effect of aspirin and P2Y 12 inhibitors in the cardiac population. OBJECTIVE: To describe the reversal of platelet inhibition after platelet transfusion using the ARU and PRU assays in patients with traumatic brain injury. METHODS: Between 2010 and 2015, we conducted a prospective comparative cohort study of patients presenting with a positive head computed tomography and a history of antiplatelet therapy. ARU and PRU assays were performed on admission and 6 hours after transfusion, with a primary end point of detection of disinhibition after platelet transfusion. RESULTS: One hundred seven patients were available for analysis. Seven percent of patients taking aspirin and 27% of patients taking clopidogrel were not therapeutic on admission per the ARU and PRU, respectively. After platelet transfusion, 51% of patients on any aspirin and 67% of patients on any clopidogrel failed to be reversed. ARU increased by 71 ± 76 per unit of apheresis platelets for patients taking any aspirin, and PRU increased by 48 ± 46 per unit of apheresis platelets for patients taking any clopidogrel. CONCLUSION: A significant percentage of patients taking aspirin or clopidogrel were not therapeutic and thus would be unlikely to benefit from a platelet transfusion. In patients with measured platelet inhibition, a single platelet transfusion was not sufficient to reverse platelet inhibition in almost half.
A ntithrombotic and antiplatelet therapies are commonly used by patients >40 years of age who sustain a traumatic brain injury (TBI). Although guidelines for the prevention of cardiovascular/cerebrovascular morbidity and mortality frequently support prescribing aspirin, P2Y 12 inhibitors, warfarin, and other antithrombotic agents, the premorbid use of these medications may increase the risk ABBREVIATIONS: ARU, aspirin response unit; GCS, Glasgow Coma Scale; PRU, P2Y12 response unit; TBI, traumatic brain injury; TRALI, transfusion-related acute lung injury and severity of traumatic intracranial hemorrhage and worsen long-term outcomes. [1] [2] [3] [4] [5] Currently, standard clinical laboratory measures of platelet count and coagulation status do not adequately measure functional platelet status. There are no existing guidelines for platelet transfusion in the setting of TBI. Consequently, there are wide variations in practice regarding administering platelet transfusions to patients with a reported history of antiplatelet therapy who present with traumatic intracranial hemorrhage. Routine, reflexive transfusion of platelets may be unnecessary and potentially harmful because of complications such as transfusion-related acute lung injury (TRALI), hypersensitivity reactions including anaphylaxis, congestive heart failure exacerbations resulting from volume overload, and myocardial infarction in patients with coronary stents. [6] [7] [8] [9] [10] [11] [12] Assays used to measure platelet dysfunction such as closure time, platelet aggregometry, thromboelastography platelet mapping, PFA-100, and others have proven problematic or unreliable for a variety of reasons. 13 Recently, point-of-care aspirin response unit (ARU) and P2Y 12 response unit (PRU) assays for evaluating aspirin-and thienopyridine-induced platelet inhibition have become widely available and have been extensively validated in the cardiac literature to detect the degree of platelet inhibition by these agents. The ARU and PRU assays enable point-of-care platelet function testing for patients taking aspirin, P2Y 12 inhibitors (clopidogrel, ticlopidine, prasugrel), and glycoprotein IIb/IIIa inhibitors (abciximab or eptifibatide), [14] [15] [16] [17] [18] with results available within 30 minutes, and have demonstrated nearly 100% sensitivity and 96% specificity for the detection of antiplatelet function. 19 In this study, we describe the use of the ARU and PRU assays for monitoring the reversal of antiplatelet activity by platelet transfusion in the adult TBI population on antiplatelet agents with intracranial hemorrhage.
METHODS

Study Population
The study was performed under a Quality Assurance project through the Department of Neurosurgery. Deidentified data were extracted, including patient age, sex, mechanism of injury, Glasgow Coma Scale score, Marshall score, and history of aspirin or clopidogrel use. Patients with a history of antiplatelet use presenting to our institution's emergency department from November 2010 to January 2015 within 24 hours of a traumatic injury and having a noncontrast computed tomography (CT) scan of the head positive for intracranial hemorrhage had baseline ARU and PRU assays performed on arrival before platelet transfusion and a repeat assay performed 6 hours after platelet transfusion. This cohort of patients has previously been described by our group (Parry et al, unpublished data, September 2015). Patients were excluded from analysis if they were <16 or >95 years of age, had missing admission head CT scans, had a known bleeding diathesis, were taking anticoagulation therapy (warfarin, dabigatran, etc), or had unknown antithrombotic use. Patients were also excluded if antiplatelet reversal (platelet transfusion, desmopressin administration, etc) was performed at an outside hospital.
Sample Collection and Measurement of Platelet Function
Platelet dysfunction was evaluated with the VerifyNow assay (Accumetrics, San Diego, California). During collection of wholeblood samples for standard laboratory tests during presentation to the emergency department, 2 additional tubes of 2 mL whole blood were collected in standard citrated blood draw collection tubes for the assays and analyzed with standard, previously described procedures. 15, 20 Blood samples were again collected for the assays 6 hours after transfusion. An ARU count <550 was considered nontherapeutic, whereas a level >550 was considered nontherapeutic and indicated aspirin resistance in patients taking aspirin. 19, 21 A PRU count <240 was considered therapeutic, and a level >240 was considered nontherapeutic.
22,23
Platelet Transfusion
Pooled donor platelets were transfused at the discretion of the attending neurosurgeon in the emergency department for patients presenting with a reported history of antiplatelet therapy and noncontrast CT of the head with intracranial hemorrhage. The number of apheresis units of platelets transfused between the admission and follow-up ARU and PRU assays was recorded.
Statistical Analysis
Continuous demographic characteristics were assessed for normality with the Kolmogorov-Smirnov test; normally distributed data were analyzed by the t test; and the remainder were compared by use of the Wilcoxon rank-sum test. Categorical data were analyzed by the Pearson χ 2 or Fisher exact test. Differences between groups in multilevel ordinal measurements (ie, Marshall score, GCS) were tested with the Wilcoxon rank-sum (Mann-Whitney U) test. Change in ARU and PRU assay scores between before and after platelet transfusion was assessed with the Wilcoxon signed-rank test. Means are reported as mean ± SD; significant associations between outcomes and predictors are reported as odds ratios with 95% confidence intervals. Acceptable type I error was set a priori at α = 0.05 for all statistical tests. All data were analyzed with STATA 13.1 (StataCorp, College Station, Texas).
RESULTS
Baseline Characteristics
One hundred seven patients were included in the analysis (Table 1) . These patients are a subgroup of patients from the study by Parry et al from our group who received platelet transfusion ( Figure) . The overall mean patient age was 75.5 ± 12.2 years. Men made up 65% of the sample; women, 35%. The mechanism of injury for the majority of patients was a fall at ground level or from height (87%). TBI severity on admission was mild in 84% (GCS score, 13-15), moderate in 8% (GCS score, 9-12), and severe in 8% (GCS score ≤ 8). The median GCS score on admission was 15 (interquartile range, [13] [14] [15] , and the median Marshall score was 2 (interquartile range, 2-4). The mean platelet count on presentation was 222 ± 68. Sixty-two percent of all patients were taking aspirin only; 8% were taking clopidogrel only; and 30% were taking both aspirin and clopidogrel.
ARU Assay Results and Platelet Transfusion
Results for the ARU assay before and after transfusion with stratification by type of antiplatelet therapy are shown in Table 2 . Ninety-three percent of patients with a history of any aspirin use had a therapeutic ARU. Half of patients with a history of using only clopidogrel had therapeutic ARU, while 89% of patients with any clopidogrel use (which includes those on dual therapy) were therapeutic. The mean ARU before transfusion for patients with any history of aspirin use was 449 ± 55. After transfusion, 47% of patients with any aspirin use were still therapeutic, which indicated that approximately 49% of patients with dysfunctional platelets taking aspirin were reversed. The mean ARU for patients on any aspirin increased by 71 ± 76 per unit of apheresis platelets transfused to 531 ± 71. Both the mean ARU and number of patients with therapeutic ARU were significantly different after platelet transfusion in patients with any aspirin use (P < .001 for both).
PRU Assay Results and Platelet Transfusion
Results for the PRU assay before and after transfusion with stratification by type of antiplatelet therapy are shown in Table 3 . Seventy-three percent of patients with a history of any clopidogrel use had a therapeutic PRU. In contrast, 38% of patients with a history of only aspirin had therapeutic PRU assays. The mean PRU before transfusion for patients with any history of clopidogrel use was 189 ± 77. After transfusion, 49% of patients with any clopidogrel use were still therapeutic, which indicated that approximately 33% of patients with dysfunctional platelets taking clopidogrel were reversed. The mean PRU for patients on any clopidogrel increased by 48 ± 46 after platelet transfusion to 249 ± 88. Both the mean PRU and number of patients with therapeutic PRU were significantly different after platelet transfusion in patients with any clopidogrel use (P < .001 and P = .04, respectively).
DISCUSSION
In the present study, aspirin and PRU assays detected platelet inhibition and the effect of platelet transfusion in patients with traumatic intracranial hemorrhage and a history of antiplatelet therapy. A significant percentage of patients taking aspirin or clopidogrel in our larger cohort of 317 patients with assays done on admission (Figure) were not therapeutic and thus would be unlikely to benefit from a platelet transfusion. In patients with measured platelet inhibition, the amount of apheresis platelets transfused at the attending neurosurgeon's discretion was not sufficient to reverse platelet inhibition in almost half. The ARU and PRU assays may have clinical utility for determining whether to transfuse platelets in patients with TBI.
Currently, evidence in the literature on the impact of premorbid antiplatelet therapy on long-term outcome after TBI is conflicting. It is likely that antiplatelet therapy is one of a number of factors, including genetic polymorphisms of platelet and cytochrome P450 enzymes, chronic illness, brain traumaspecific changes in the inflammatory milieu, and consumption of platelet granule contents, that can affect platelet function and overall hemostatic capacity at the time of TBI. [24] [25] [26] [27] Studying the impact of antiplatelet therapy on long-term outcome after TBI has been difficult in part because of the limited measures available of blood hemostasis that can be used in a trauma setting. Platelet count is a component of the standard complete blood count and is regularly used as a criterion for guiding platelet transfusion. However, measurement of platelet dysfunction has been difficult because previous tests have been limited by large sample volume requirements, long delays for results, prohibitively expensive equipment, or requirement for specialized personnel. 13 As a result in part of the uncertainty of both the hemostatic capacity and whether outcome is influenced by reversal of platelet inhibition, there is wide variation in practice with respect to platelet transfusion for patients with TBI on premorbid antiplatelet therapy.
In this cohort of patients, a clinical history of antiplatelet therapy did not always portend platelet inhibition as measured by ARU and PRU assays at presentation. Seven percent and 27% of patients on any aspirin and any clopidogrel, respectively, were found to be nontherapeutic on admission. As noted previously, multiple factors may contribute to this incongruence. Previous systematic reviews examining normal platelet function despite a reported history of aspirin or clopidogrel use have found that 1 in 4 patients taking aspirin will be resistant and 1 in 5 patients taking clopidogrel will be resistant. 28, 29 Others are noncompliant with prescriptions. Identifying patients with functional platelets at the initial evaluation is important because platelet transfusion carries risk, including hypersensitivity side effects such as fever, rigors, or urticaria to much more serious complications such as TRALI, infection transmission, and immunomodulation. 8, [30] [31] [32] Studies have shown that the incidence of TRALI is higher in critically ill patients relative to others, and TRALI is more likely to occur after platelet transfusion compared with red blood cell transfusion. 6, [9] [10] [11] After transfusion of 1 unit of platelets, patients with a history of any aspirin use demonstrated a mean increase in ARU of 71 ± 76 per apheresis unit of platelets transfused, whereas patients with any clopidogrel use had an increase of 48 ± 46 in PRU per apheresis unit of platelets transfused. Fifty-one percent and 33% of patients taking any aspirin or any clopidogrel, respectively, had reversal of platelet dysfunction after platelet transfusion. Prior investigations of the ARU and PRU assays to monitor restoration of platelet function after transfusion have returned conflicting results. Bachelani et al 33 reported reversal of aspirininduced platelet dysfunction in approximately 65% of patients using the ARU assay in a TBI cohort with a mean increase in ARU of 70 ± 50 for every 6-pack of platelets. Naidech et al 34 found, in a cohort of patients with spontaneous intracerebral hemorrhage, that platelet transfusion increases the ARU from a median of 448 to 586. Taylor et al 35 studied a cohort of patients requiring lifesaving surgery for hemorrhagic shock or neurosurgery and reported an increase in ARU from a median of 420 to 630 after a 0.12-IU/kg platelet transfusion, with 94% of patients on aspirin reversed. However, they also reported that platelet transfusion for a history of clopidogrel use did not lead to reversal of platelet inhibition. Joseph et al 36 found that transfusion of 1 apheresis unit of platelets in patients with traumatic intracerebral hemorrhage with premorbid 325 mg daily aspirin use led to reversal only 18% of the time. The discrepancy between the results of Joseph et al and our results and others may be due to a different distribution of patients taking highvs low-dose aspirin therapy. One pack of apheresis platelets may not be enough to reverse strong platelet dysfunction; Vilahur et al 37 found that reversal of platelet dysfunction in patients on aspirin and clopidogrel requires between 10 and 12.5 units of platelets.
One strategy for reversal of platelet dysfunction that we did not evaluate was desmopressin. Desmopressin is not used in our institution for the reversal of platelet dysfunction in patients with TBI. We excluded patients who received any reversal agents at outside hospitals, so we are sure that no patients in our cohort received desmopressin. Thus, we are unable to evaluate the utility of desmopressin as a reversal agent in the TBI population. An investigation by Kim et al 38 showed that coadministration of platelets and desmopressin did not correlate with a lower incidence of early radiographic progression of intracranial hemorrhage in patients with TBI compared with patients who received neither agent. Desmopressin has been shown to be a safe and effective alternative for restoring platelet function in other contexts such as patients on antiplatelet therapy undergoing carotid endarterectomy or coronary artery bypass graft. 39, 40 Desmopressin may be a therapeutic tool that warrants further investigation in the TBI population.
The importance of monitoring platelet function in patients with TBI lies in monitoring platelet function not for its own sake but to determine whether it can be an effective tool for improving patient outcomes. Bachelani et al 33 reported that neither clinical history of aspirin use nor initial ARU results predicted risk of intracranial hemorrhage progression, craniotomy, mortality, or poor outcome overall. Likewise, patients who were nonresponders to platelet transfusion as measured by ARU were not at a higher risk of mortality compared with responders, suggesting that reversal of platelet inhibition may not improve outcome. Joseph et al 36 similarly report that there was no difference in progression of intracranial hemorrhage or need for neurosurgical intervention in patients with inhibited vs noninhibited platelets. However, it is difficult to draw conclusions from their results, given that only 4 of their 22 initially therapeutic patients were reversed with platelet transfusion. The relationship between reversal of antiplatelet therapy and outcome after TBI has yet to be firmly established. Our findings demonstrate that patients may need additional platelet transfusion after their initial transfusion to fully reverse their platelet dysfunction. However, because the decision to transfuse platelets was at the discretion of the attending neurosurgeon, our results may be biased. In addition, the ARU and PRU assays may have potential to guide the amount of platelets transfused initially based on assay values.
CONCLUSION
In this study, we demonstrate that reversal of platelet dysfunction in patients with TBI with a history of aspirin or clopidogrel use can be monitored with the ARU and PRU assays. Prospective studies are needed to determine whether reversal of platelet inhibition as measured by the ARU and PRU assays predicts likelihood of bleed progression and affects long-term outcome.
